OBJECTIVE: To investigate the energy metabolism modi®cations induced by energy restriction and weight loss in massively obese adolescents. SUBJECTS: Ten massively obese girls (179 AE 31% of ideal body weight; age, 13.3 ± 16.4 y) after 2 ± 5 weeks on a lowenergy diet and 4.5 ± 11.5 months later, that is, after a substantial weight loss, and eight controls. MEASUREMENTS: Resting energy expenditure (REE) and carbohydrate-induced thermogenesis (CIT) after a sucrose load (by indirect calorimetry), plasma glucose and insulin before and after the sucrose load. RESULTS: After 2 ± 5 weeks on a low-energy diet, REE (7415 AE 904 kJad) was lower than the expected value calculated from the regression equation of REE on fat free mass in controls (P 0.005). After a 37 AE 17% reduction in excess weight, REE decreased (6405 AE 613 kJad) and remained lower than the expected value (P 0.005). At the early stages of weight loss, the area under the plasma glucose response curve was negatively correlated with CIT (r 7 0.80, P 0.01) and was higher in the six obese adolescents with low CIT than in the four with normal CIT (396 AE 52 vs 283 AE 26 mmol.l 71 .min 71 , P 0.01). After substantial weight loss, the area under the plasma insulin response curve decreased by 32% (P 0.02), and both CIT and the area under the plasma glucose response curve became similar in obese patients with low and normal CIT prior to weight loss. CONCLUSION: These results indicate that in massively obese adolescents, REE for fat-free mass is decreased at the very beginning of the process of losing weight and remains decreased as long as energy restriction and weight reduction carry on. They also indicate that the impaired CIT sometimes observed returns to normal after weight reduction suggesting that it is secondary to a decrease in glucose uptake induced by obesity-associated insulin resistance.
Introduction
Obesity results from an excess of energy intake in comparison to energy expenditure. An increase in energy intake is probably the main cause of this imbalance in many obese patients. However, reduced energy expenditure may also be a contributory factor, particularly in massively obese patients and in children with early-onset obesity. 1 ± 6 Total daily energy expenditure has three main components: resting energy expenditure (REE), food-induced thermogenesis, that is the energy expenditure due to the costs of digesting, absorbing, processing and storing the nutrients, and energy expenditure related to physical activity. Energy metabolism of obese individuals is characterised by an increased absolute REE but a similar REE adjusted for fat-free mass (FFM) indicating that the elevated REE is due to their larger FFM, 7 ± 9 and a food-induced thermogenesis which is reduced in some patients 1,4 ± 6,10 and normal in others. 1, 7, 11 Weight loss in obese patients mainly results from a decrease in energy intake and to a lesser extent from an increase in physical activity. Studies on energy metabolism changes in obese patients resulting from weight loss showed con¯icting results. Weight loss induces a decrease in REE, but whether this decrease is proportional to the loss of FFM 5, 10 or greater than could be accounted for by loss of FFM 12, 13 remains controversial.
Similarly, some ®ndings supported the persistence after weight reduction of reduced thermogenesis in response to carbohydrate, 4 ± 6 whereas other studies showed that the defect in food-induced thermogenesis seen in obese patients resolved after weight loss. 10, 14 Evaluation of changes in energy expenditure during weight loss is of great interest since it may provide insights into the mechanisms of the energy metabolism disorders observed in obese patients, and may help to understand why massively obese individuals often regain an excessive body weight after periods of weight loss.
Most available studies have been done in adults, may be different in obese children, since children have to gain height even during weight reduction. The objective of this study was to investigate REE and carbohydrate-induced thermogenesis (CIT) in massively obese girls at the beginning of and after a substantial weight reduction, in order to determine the nature of the changes in these two components of energy expenditure resulting from energy restriction and weight reduction.
Methods

Subjects
Ten girls with massive obesity (179 AE 31% of ideal body weight for height) were studied after 2 ± 5 weeks on a low-energy diet and 4.5 ± 11.5 months later, that is after a substantial weight loss. Based on ®ndings from a medical history and physical examination, all ten patients were considered to be in good health apart from their overweight. The age range was 13.3 ± 16.4 y at study initiation. All ten patients were postmenarcheal. Duration of obesity ranged from 4 ± 12 y (meanAE s.d., 9.4 AE 2.6 y). The body weight curves showed a steady increase up to the time of admission to the Nutritional Therapy Center (Margency, France), indicating that the patients were still in the dynamic phase of obesity. The physical characteristics of the patients at the early stages of and after substantial weight loss are shown in Table 1 .
Results in the obese patients were compared with those in eight healthy age-matched postmenarcheal girls with normal anthropometric parameters ( Table  1) .
Written informed consent was obtained from the girls and their parents before the study. The study protocol was approved by the Paris-Cochin institutional review board.
Experimental protocol
All ten obese girls were admitted to the French Red Cross Nutritional Therapy Centre in Margency, France, for a weight-losing program whose two components were a controlled diet of low-energy meals prepared by a dietitian, and a physical activity program. The experiment at the beginning of weight reduction was performed after 16 ± 37 d at the centre, and the one after weight reduction 4.5 ± 11.5 months later. Both experiments were performed in the same conditions since the patients were on a lowenergy diet (6471 AE 190 kJad or 112AE 6 kJ.kg FFM
71
.d
71 at the beginning of weight reduction, and 6764 AE 412 kJad or 131AE 21 kJ.kg FFM 71 .d 71 after weight reduction) and had already lost 2.3 to 5 kg when the ®rst experiment was performed. The control girls were on a free diet.
On each study day, the following parameters were measured in all subjects: body weight; height; and biceps, triceps, subscapular, and suprailiac skinfolds using a Holtain Skinfold Caliper. Relative body weight (that is body weightaideal body weight for height) was calculated using the reference values determined in French children by Sempe Â and Pe Âdron. 16 FFM and body fat were calculated from skinfold thicknesses using the Durnin and Rahaman formula. 17 All experiments were performed in the morning after an overnight fast. The patients rested comfortably in a recumbent position with their head enclosed in an air-tight canopy. Oxygen consumption ( VO 2 ) and carbon dioxide production ( VCO 2 ) were continuously measured using an open-circuit indirect calorimeter (MMC Horizon-Beckman gas analyzer, Sensor Medics Corp., Anaheim, CA) as previously described. 1 On the day of each study, a 24-h urine sample was obtained from each girl for determination of total nitrogen excretion using the Kjeldahl method. Energy expenditure and the net carbohydrate oxidation rate were calculated from VO 2 , VCO 2 and total nitrogen excretion. 18, 19 Nonprotein respiratory quotient was calculated as the ratio of nonprotein VCO 2 anonprotein VO 2 .
18
After an adaptation period of 30 min, REE was measured over 30 min, and each subject then received an oral sucrose load of 3 gakg ideal body weight diluted in the juice of two lemons to be ingested in less than 5 min through a¯exible piece of tygon tubing. Energy expenditure and the net carbohydrate oxidation rate were measured during 180 min after the sucrose load. CIT was calculated as the area under the curve of the energy expenditure rise over the REE during the 3 h following the sucrose load. During the indirect calorimetry measurements, the subjects rested quietly while watching television.
Blood samples were collected just before and at 30-min intervals after the sucrose load, in the obese subjects only, because of ethical considerations. To avoid stress, blood samples were collected via an intravenous catheter inserted into an antecubital vein about one hour before the beginning of the calorimetry study and kept patent with physiological saline. Plasma glucose and insulin concentrations were Signi®cantly different from beginning of weight loss,
Energy metabolism in obese adolescents P Tounian et al determined at each study timepoint. Plasma adrenaline and noradrenaline concentrations were determined before and 60 min after the sucrose load. Glycated hemoglobin in blood (HbA1c) was determined before the sucrose load.
Analytic procedures
Blood samples were collected into iced tubes and immediately centrifuged at 4 C, and plasma was stored at 780 C until analysis. Plasma glucose was determined by the glucose oxidase method. Plasma insulin was measured by radioimmunoassay using polyclonal antibodies (INSI-PR, CIS bio international, Gif-sur-Yvette, France). Plasma adrenaline and noradrenaline were measured using high-performance liquid chromatography with electrochemical detection. 20 Another blood sample was collected before the sucrose load for determination of HbA1c by high performance liquid chromatography.
Statistical analyses
All results were expressed as means AE standard deviations (s.d.). A Mann-Whitney test was used for between-group comparisons of means. Comparisons of measured and expected values, and values at the early stages of and after substantial weight loss in each patient were done using a Wilcoxon test. Correlations between variables were calculated using simple and multiple regression analysis. Table 1 shows the changes that occurred in the obese girls following the weight reduction. After a mean of seven months of dietary treatment, mean weight loss was 37% of the excess weight for height, which left a mean excess weight of 41%. Mean absolute weight loss was 17 kg, composed of 68% fat and 32% fat free mass.
Results
Weight reduction
The obese patients continued to gain height despite their signi®cant decrease in weight.
Resting energy expenditure
In controls, REE was signi®cantly correlated with FFM. The predictive equation for REE from FFM was REE (kJad) 97 FFM (kg) 3041 (r 0.78; P 0.02). When entering fat mass (FM) in the model along with FFM using multiple regression analysis, the predictive equation for REE from FFM and FM was REE (kJad) 103 FFM (kg) 7 24 FM (kg) 3136 (R 0.79; P 0.09).
After 2 to 5 weeks on a low-energy diet, mean absolute REE (kJad) was 16% higher in the obese girls than in the controls (Table 2 ). For each obese girl, the expected REE was calculated from the observed FFM using the regression equation obtained from the controls. The measured REE was lower than the expected REE in every case (Wilcoxon test, P 0.005, Figure 1 ). The expected REE calculated from the predictive equation for REE from FFM and FM remained higher than the measured FEE (Wilcoxon test, P 0.02, Table 2 ).
After weight loss, mean absolute REE in the obese patients decreased by 14% and was no longer signi®cantly different from that in controls (Table 2) . REE decreased by 64 AE 38 kJad for each kg of weight lost. However, the measured REE after weight loss remained lower than the expected REE calculated either from the FFM after weight loss (Wilcoxon test, P 0.005, Figure 1 ) or the FFM and FM after Figure 1 Measured resting energy expenditure vs fat free mass in obese girls at the beginning of (after 2 to 5 weeks on a lowenergy diet (d)) and after substantial (u) weight loss. The full line is the extrapolated regression line of resting energy expenditure on fat free mass obtained in controls, it represents the expected values. The dotted lines are the regression lines of resting energy expenditure on fat free mass obtained in obese girls at the beginning of (---) and after (-Á -Á ) weight loss. Measured resting energy expenditures in obese girls were lower than expected values at the beginning of (P 0.005) as well as after (P 0.005) weight loss. Table 2 Resting energy expenditure (REE) and carbohyrdrateinduced thermogenesis (CIT) in obese girls at the beginning of (after 2 to 5 weeks on a low-energy diet) and after substantial weight loss, and in controls (means AE s.d.)
Obese girls at the beginning of weight loss (n 10)
Obese girls after weight loss (n 10) 
Carbohydrate-induced thermogenesis
After 2 to 5 weeks on a low-energy diet, mean CIT expressed as a percentage of ingested energy or as an absolute value (kJa3 h) was not signi®cantly different between obese and control subjects ( Table 2) . Substantial between-subject variations in CIT were seen, however, and the obese girls fell into two groups according to whether their pre-weight loss CIT was decreased (n 4) or normal (n 6), that is,`or ! than CIT 7 1 s.d. in controls. Age, body weight, excess weight for height, FFM, and duration of obesity were not signi®cantly different between these two groups.
After weight loss, mean CIT was not signi®cantly modi®ed and remained similar to that in controls (Table 2) . CIT became similar in the obese patients with low and normal pre-weight-loss CIT (Table 3) . Moreover, in the group with low CIT before weight loss, CIT after weight loss was similar to that in controls.
Biological parameters and net carbohydrate oxidation rate
HbA1c was not signi®cantly modi®ed by weight loss (4.8AE 0.4 at the beginning of weight loss vs 5.0 AE 0.8% after weight loss).
The plasma insulin, glycaemia, and net carbohydrate oxidation rate responses to the sucrose load are shown in Figure 2 . Fasting plasma insulin (135 AE 66 vs 61 AE 22 pmolal, P 0.005), the area under the insulin response curve after the sucrose load (102 AE 34 vs 70 AE 33 nmol.l 71 .min 71 , P 0.03), and the peak plasma insulin concentration after the sucrose load (1033AE 409 vs 689AE 330 pmolal, P 0.02) were signi®cantly lower at the end than at the beginning of the weight loss period. However, weight loss was not Table 3 Metabolic characteristics of obese girls with low pre-weight-loss carbohydrate-induced thermogenesis (CIT), i.e.,`mean CIT 7 1 s.d. in controls (Low CIT) or normal pre-weight loss CIT, i.e., ! mean CIT 7 1 s.d. in controls (Normal CIT) (means AE s.d.)
At the beginning of weight loss After weight loss Low CIT (n 4) Normal CIT (n 6) Low CIT (n 4) Normal CIT (n 6)
CIT (% ingested energy) T 60abaseline, ratio of plasma concentrations at baseline and 60 min after the sucrose load.
e Signi®cantly different from group with normal CIT, P 0.01 (Mann-Whitney test). Figure 2 Plasma insulin, plasma glucose and net carbohydrate (CHO) oxidation rate response curves after the sucrose load (given at time 0 min) in obese girls at the beginning of (u±u) and after (r±r) weight loss. Means AE s.e.m. * Indicates that a signi®cant difference (P`0.02) was found between mean values.
Energy metabolism in obese adolescents P Tounian et al associated with signi®cant modi®cations in fasting plasma glucose (4.5 AE 0.3 vs 4.4 AE 0.4 mmolal), the area under the plasma glucose response curve after the sucrose load (333 AE 70 vs 284AE 72 mmol.l 71 .min 71 ), the peak plasma glucose concentration after the sucrose load (7.1AE 0.5 vs 7.3 AE 0.8 mmol/l), or the cumulative net carbohydrate oxidation rate during the three hours after the sucrose load expressed as the absolute value (232 AE 41 vs 231AE 81 mmol per 3 h) or normalized for FFM (4.1 AE 0.9 vs 4.4 AE 1.5 mmolakg FFM per 3 h). Neither at the beginning of weight loss (noradrenaline: 2.12 AE 0.51 nmolal (basal) and 1.99AE 0.34 nmolal (after sucrose); adrenaline 0.23AE 0.21 nmolal (basal) and 0.13AE 0.11 nmolal (after sucrose)) nor after weight loss (noradrenaline 1.96AE 0.41 nmolal (basal) and 2.06AE 0.50 nmolal (after sucrose); adrenaline:0.21AE 0.20 nmolal (basal) and 0.25 AE 0.30 nmolal after sucrose)) did the plasma catecholamine levels show any signi®cant changes in response to the sucrose load. All plasma catecholamine values after weight loss were similar to those at the corresponding timepoints before weight loss.
CIT was negatively correlated with the area under the plasma glucose response curve after the sucrose load at the beginning of weight loss (r 7 0.80, P 0.01) but not after weight loss (r 7 0.43). No correlations were found between CIT and the area under the insulin response curve after the sucrose load, the cumulative net carbohydrate oxidation rate after the sucrose load, or the changes in plasma catecholamines from baseline concentrations.
The obese patients with low CIT prior to weight loss had a signi®cantly higher area under the plasma glucose response curve than those with normal CIT prior to weight loss, whereas the area under the insulin response curve, the cumulative net carbohydrate oxidation rate after the sucrose load, and the plasma catecholamine changes were similar in the two groups (Table 3) . After weight loss, CIT and the area under the plasma glucose response curve became identical in the two groups, and the other parameters remained similar in the two groups (Table 3) .
Discussion
As compared to the controls, the obese girls had a 16% higher absolute REE value. However, to compare individuals with different body compositions, the metabolic rate should be normalized for FFM. We used a regression-based approach, that is, linear regression of REE on FFM, instead of the ratio method, that is, the REE over FFM ratio. The ratio method can produce spurious results because the relationship between REE and FFM does not regress through the zero intercept and therefore the effect of the normalizing variable is not adequately removed from the dependent variable. 21 The regression-based approach used in our study allows each patient to be matched with a theoretical control having the same FFM. Using this approach, we found that after 2 to 5 weeks on a low-energy diet our obese girls had low REE values as compared to the controls, and that these low values persisted after substantial weight loss. The same results were found when REE was normalized for fat mass together with FFM using multiple regression analysis.
Leibel et al 12 showed that the process of losing weight in obese adults on a low-energy diet resulted in a decrease in REE to a level below that predicted for the decrease in body weight. As a consequence, our results are probably due to the fact that obese girls were on a low-energy diet and had lost weight at the time of both REE measurements. This indicates that the process of losing weight in massively obese adolescents on a low-energy diet is associated with a decrease in REE for FFM at the very beginning of weight reduction, and that REE for FFM remains decreased as long as energy restriction and weight reduction carry on.
Energy restriction rather than weight loss per se is likely to be the major cause of decrease in REE for FFM. Indeed, it was shown that, in children 9 as well as in adults, 22 REE adjusted for FFM measured in obese subjects after weight loss was not signi®cantly different from that obtained either before weight loss or in nonobese controls when REE measurements were assessed a few days after the end of the hypocaloric diet. Leibel et al 12 also showed that the process of losing weight on a hypocaloric diet resulted in a larger reduction in REE than a stabilized weight loss. Furthermore, it was shown in animals that energy restriction induces a reduction of weight and oxygen consumption, that is metabolic rate, of gut and liver in less than one week while total body weight loss is still moderate. 23, 24 Because of the high metabolic rate of these organs and their major contribution to the whole-body energy expenditure, the decrease in REE for FFM observed in obese girls at the very beginning of the low-energy diet might be partly explained by reductions of organ size and metabolic rate rather than the 2.3 to 5 kg weight loss.
After weight reduction, absolute REE in obese girls decreased to the values seen in the controls despite persistence of a 41% excess weight for height and higher FFM values than controls (52 vs 34 kg). This suggests that at a certain point of energy restriction and weight reduction, obese children have to either reduce their energy intake to levels lower than those in age-matched, lean girls or increase their physical activity to continue to lose weight. These constraints probably explain the high failure rate of weight reduction therapy for massively obese children. 25 We cannot exclude that the difference between measured REE and expected REE for FFM is partly due to an overestimation of FFM in obese children. Body fat is probably underestimated in massively obese subjects when assessed by skinfold thicknesses measurements and using the Durnin and Rahaman Energy metabolism in obese adolescents P Tounian et al formula established from nonobese girls. 17 This method may therefore artefactually overestimate FFM indirectly obtained from body weight minus fat mass. However, obese girls after weight reduction had absolute REE values similar to that in controls despite persistence of an excess body weight (77 vs 46 kg), and therefore probably an excess FFM. This clearly con®rms that REE per unit of FFM was decreased in obese girls after weight reduction, independently of a possible overestimation of FFM.
Another criticism may be the fact that the predictive equation of REE developed using nonobese adolescents was not appropriate for obese adolescents with greatly larger FFM and fat mass and may therefore lead to an overestimation of expected REE. However, when expected REE is calculated from the regression equation of REE on FFM obtained by Bandini et al 7 in 16 obese girls of the same age (15.2AE 1.8 y) and FFM (52.6 AE 7.8 kg) but not on a low-energy diet, we observe that measured REE in our obese girls remains lower than expected, both after 2 to 5 weeks on a lowenergy diet (8471AE 656 kJad, P 0.007) and after substantial weight reduction (7697 AE 642 kJad, P 0.005). These data con®rm that energy restriction reduces the REE in obese children when compared with obese children on a free diet.
Roughly equal numbers of studies have con®rmed and refuted a defect in food-induced thermogenesis in obese adults, 4, 5, 11 as well as in children 1, 7, 8, 10, 26 CIT was similar in our obese girls and in our controls, con®rming our previous report. 1 However, considerable interindividual variability in CIT values was seen in the obese patients, who fell into two groups, one with low and the other with normal CIT values. This variability may explain the discrepancies between the results of studies of food-induced thermogenesis in obesity.
The pathophysiological mechanism underlying the defect in food-induced thermogenesis observed in some obese patients is still debated. Again, discrepancies exist between studies that found a persistent decrease in food-induced thermogenesis after weight reduction consistent with a primary metabolic disorder 4 ± 6 and those in which food-induced thermogenesis returned to normal after weight reduction suggesting an obesity-induced de®ciency in foodinduced thermogenesis. 10, 14 Either glucose 6, 14 or a test meal with carbohydrate, fat and protein 4, 5, 10 were used in these studies to evaluate the post-prandial energy expenditure.
To gain insight into the mechanism of the CIT decrease observed in obese adolescents, we compared our obese girls with low CIT to those with normal CIT. At the beginning of weight loss, obese girls with low CIT had a signi®cantly higher area under the plasma glucose response curve but a similar area under the plasma insulin response curve, as compared to obese girls with normal CIT. After weight loss, CIT and the area under the plasma glucose response curve became similar in the two groups. Moreover, in the overall obese group, CIT was negatively correlated with the area under the plasma glucose response curve before but not after weight loss. Since the area under the plasma glucose response curve indirectly re¯ects glucose uptake by tissues, these results suggest that the impaired CIT observed in our children with massive obesity was secondary to decreased glucose utilisation due to insulin resistance.
Ingested sucrose is hydrolysed into fructose and glucose. Fructose is ef®ciently removed from the portal circulation by liver cells and is mainly stored as liver glycogen or converted to lactate in the liver, the lactate subsequently being oxidised in extrahepatic tissues. 27 These metabolic processes are non-insulindependent and do not increase plasma glucose concentrations. 27, 28 Glucose is mainly oxidised in peripheral tissues and stored as glycogen in muscles and in the liver. 29 These metabolic processes are insulindependent and result in an elevation in plasma glucose concentrations. 29 These considerations suggest that the increase in the area under the plasma glucose response curve found in our obese girls with low preweight-loss CIT was probably due to a decrease in glucose oxidation or storage rates. Since the net carbohydrate oxidation rate was similar between the two groups, it can reasonably be assumed that glucose storage was decreased in the group with low preweight-loss CIT. We therefore suggest that insulin resistance-induced impairment of glucose storage, which is an energy-requiring process, 30 was probably the mechanism underlying the CIT decrease observed in some of our massively obese girls.
The post-sucrose load measurement period of three hours only and the small size of our patient sample are limitations to our study. The duration of total thermogenesis after sucrose ingestion is longer than three hours; this probably explains the fact that the CIT values found in our subjects were lower than the theoretical values. 31 However,a few studies in obese adults have identi®ed a decreased rate of glucose storage due to insulin resistance as the likely cause for the decreased glucose-induced thermogenesis in these patients. 14, 32 Moreover, in obese adults glucose intolerance, that is, hyperglycaemia, after an oral glucose load results primarily from decreased glucose storage. 33 In obese children, a relation between decreased food-induced thermogenesis and insulin resistance has been also speculated but not clearly demonstrated. 8, 10 Our results are consistent with these earlier data and therefore lend credence to the hypothesis that decreased glucose storage induced by insulin resistance is responsible for the CIT decrease observed in some massively obese children.
Glucose-induced thermogenesis is divided into an obligatory and a facultative component. 34 The obligatory component corresponds to the energy required for glucose absorption and storage. The facultative component is mediated by the sympathetic nervous system via catecholamines acting on b-adrenergic receptors. Studies in obese adults designed to look for a decrease in the plasma catecholamine response to food Energy metabolism in obese adolescents P Tounian et al ingestion have yielded con¯icting results. 5, 6, 35 Whether the facultative component of food-induced thermogenesis is blunted in obese subjects remains therefore controversial, as does the possible contribution to obesity of a reduction in sympathetic nervous system activity. 36 Ours is the ®rst study of its kind in obese children. The CIT decrease in our patients involved the obligatory component, and since plasma catecholamine concentrations were not modi®ed by weight loss and were similar in groups of obese girls with low and normal pre-weight-loss CIT, our data failed to support an abnormality in the facultative component.
In summary, the objective of this study was to determine changes in energy expenditure induced by energy restriction and weight reduction in massively obese adolescents. The low resting energy expenditure values for fat free mass found early at the beginning of the process of weight loss suggest a metabolic resistance to the maintenance of a reduced body weight and may explain the poor long-term ef®cacy of weight reduction therapy. The decreased carbohydrateinduced thermogenesis observed in some of our obese children at the beginning but not after weight reduction was probably secondary to decreased glucose utilisation induced by obesity-associated insulin resistance.
